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Craft, James A., M .S., May 1998

Organismal and B iological Ecology

Microbial Respiration in the Hyporheic Zone o f an Alluvial Floodplain Aquifer
Chair: Jack A. Stanford

Interstitial microbial production can influence many biophysical processes that control
the distribution and abundance o f riverine organisms. Abundant interstitial biota existing
in the carbon poor (DOC < 2m g/l) hyporheic zone o f the Flathead River system,
Montana, is paradoxical; but, we believe it is related to interstitial microbial production.
The focus o f this study was to examine the spatial characteristics o f aerobic microbial
biofilm productivity in relation to the proximity o f the sampling sites to the Flathead
River channel, a 6*'’ order river. Sites were located on a transect extending 3.9 kilometers
laterally from the main channel o f the Flathead River. Sediment chambers were
incubated in-situ and oxygen flux was measured in a closed flow-through respiration
chamber in-vitro. Respiration, productivity and carbon turnover rate o f microbial
biofilm s were determined at various points in the Kalispell V alley alluvial aquifer. The
effect o f experimentally increasing the bioavailable organic carbon (acetate) on the
respiration rate o f the biofilm s was also measured. Respiration activity o f microbial
communities at all sites ranged from 0.01 to 0.33 mgOzdm^ hr * with the means ranging
from 0.10 to 0.17 mgOzdm ^hr '.

Productivity estimates ranged from 0.18 to 0.32

mgCdm'^day * (mean 0.25, SE 0.03). The total organic carbon o f the microbial biofilm s
ranged from 18.2 to 29.7 mgC dm^. Turnover rates ranged from 3.2 to 5.6 yr * with a
mean o f 4.2 y f A t the site very close to the river respiration did not increase when
samples were amended with labile carbon. Respiration did increase at sites further from
the river when amended, supporting the conclusion that microbial respiration at the deep
hyporheic sites were carbon limited. Per unit area, hyporheic microbial productivity was
approximately 30% that o f the Flathead River benthic community. Comparing the
volume o f the hyporheic environment (ca. 0.7 km^) to the stream benthic sediments 0.25
m depth (ca. 1.6*10*^ km^) in the Flathead Valley, leads to the conclusion that total
hyporheic productivity is much greater than benthic productivity. Microbial production
within the hyporheic zone is likely a large component o f riverine ecosystem production in
large alluvial rivers like the Flathead.
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CHAPTER 1
Microbial Respiration in the Hyporheic Zone
o f an Alluvial Floodplain Aquifer

INTRODUCTION
River ecologists have recently emphasized the need to understand the ecology o f
hyporheic bacteria. The hyporheic zone o f rivers is the interstitial environment o f alluvial
aquifers in the flood plains o f gravel bedded rivers where river and ground water
exchange rapidly.

Hyporheic bacteria are important due to their ability to mineralize

organic carbon entrained in the hyporheic environment from the river and its flood plain
(Gibert et al.,

1994).

Interstitial microbial production, which is driven by the

concentration and supply o f dissolved organic carbon (DOC) resulting from the
breakdown o f organic matter, can influence many biophysical processes that control the
distribution and abundance o f riverine organisms (Bott et al., 1984; Bott and Kaplan,
1985; Barlocher and Murdoch, 1989; Hendricks, 1992). Microbial productivity forms the
food base for invertebrate consumers within alluvial aquifers as long as DOC
concentrations remain low enough to prevent oxygen depletion (anoxia) by microbial
respiration (Gibert et al., 1994).
Researchers have examined dissolved oxygen (DO) and DOC fluxes in relation to
residence time o f infiltrating surface river waters throughout the world (Rutherford and
Hynes, 1987; Jeppesen, 1982; Vervier and Naiman, 1992; Findlay et al., 1993; Bott et al.,
1984; Pusch and Schwoerbel, 1994; Whitman and Clark, 1982; Hedin, 1990; Baker,
1986; Grimm and Fisher, 1984; W illiams, 1989) and all have observed declining DO and
DOC with increased interstitial residence time. In the Flathead Valley the same trends
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are evident, but on a scale o f kilometers instead o f centimeters or a few meters as reported
elsewhere (Stanford et al., 1994).
Studies conducted in the Flathead River, Montana, U .S.A . over the past decade
(Stanford et al., 1994; Poole et al., 1997; Stanford et al., in press) have demonstrated a
com plex hydrologie labyrinth o f hyporheic groundwater and surface river water
interactions in the extensive alluvial flood plains. Indeed, the hyporheic zone within the
alluvial aquifer o f the Kalispell Valley flood plain extends up to 3 kilometers laterally
from the Flathead River. The hyporheic ground water flow path appears to be ca. 10 km
long through gravel and cobble alluvium (a clay aquaclude exists at approximately 10 m
depth deterring deep (phreatic) ground water infiltration into the shallow aquifer system)
from the recharge (downwelling) zone o f the Flathead River at the head o f the flood plain
to points downstream where hyporheic water is discharged (upwells) back into the river
channel (Stanford et al., 1994). Flow rates are very high, approaching 10 cm per second
(N oble and Stanford, 1986), within zones o f preferential flow where the substratum is
large and very porous (these are ancient river beds or "paleochannels," Stanford et al.,
1994; Poole et al., 1997).

Preliminary pump tests conducted on w ells within the

paleochannels compared to pump tests on w ells not penetrating a paleochannel indicate
the hydraulic conductivity o f the paleochannel sediments are typically much greater than
the surrounding sediments. U sing a series o f monitoring w ells and private w ells (-1 5 0 )
we were able to create a rough potentiometric model o f the aquifer indicating a
generalized flow path from north to south. However, the immense size o f the system ( 13
km long by 5-6 km wide and 10 m deep) makes determination o f the exact flow path and
corresponding residence time o f the ground water collected from any o f these w ells
im possible to calculate. W e have considered using tracers injected into the aquifer and
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monitor the tracers’ movement through the aquifer to establish flow paths through the
system. Again the size o f the system and cost of installing multilevel monitoring wells to
conduct such a study have hampered our efforts in this area. Therefor, lacking a concise
physical understanding of the flow field and hydrogeologic framework of the Kalispell
aquifer system, we have used measurements of temperature, dissolved solids and biota to
compare the well sites to the Flathead River and establish a comparable value for each
site. We used the term “relative affinity” to characterize likeness of the sampling sites to
the Flathead River. Those sites with measurements which more closely resemble the
Flathead River have a higher relative affinity to the river. The residence time of the
groundwater with a high relative affinity is assumed to be relatively short compared to
sites that have measured values more different than the Flathead River. Also, sampling
sites within paleochannels are assumed to have similar hydrologie conductivity and flow
rates, so distance from the Flathead River channel is representative of flow path length
and residence time of the ground water.
An extensive food web composed of an abundant and diverse assemblage of
interstitial fauna with over 70 invertebrate taxa exists within this aquifer (Ward et al.,
1994; Stanford et al., 1994).

The top consumers within this food web appear to be

carnivorous stonefly larvae (Insecta: Plecoptera).

Hundreds of hyporheos have been

collected from vertically integrated well samples up to 3 km from the Flathead River,
Horizontal distribution and abundance of the interstitial biota in the Kalispell Valley
flood plain are affected by alluvium characteristics and distance from the river (Ward el
al., 1994; Stanford et al., unpublished).
The abundant interstitial biota existing in the carbon poor (DOC < 2mg/l
(Stanford and Ward, 1993)) hyporheic zone of the Flathead River system, Montana, is
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paradoxical; but, we believe it is related to interstitial microbial production. Ward et al.
(1994) and Stanford et al. (1994) demonstrated that the distribution and abundance o f the
invertebrate hyporheos are influenced by the relative affinity o f hyporheic ground water to
the Flathead River (i.e., hyporheic biota decline and phreatic biota increase in dominance
o f the interstitial invertebrate community as the length o f the hyporheic flow path
increases). Ellis et al., (in press) showed similar patterns for certain microbial groups;
some were characteristically near the river and others were more characteristic o f ground
water with long residence time in the floodplain aquifer.

Ellis et al. (in press) also

showed that interstitial microbial productivity occurred mainly as biofilm s on rocks
(epilithic) as opposed to free living in the ground water. Their conclusion was that the
primary base o f the hyporheic food web appears to be the epilithic microbial biofilm
within the hyporheic zone.

Moreover, backward stepwise multiple regression analysis

indicated that site distance from the river channel was the only variable examined which
explained the variance in bacterial densities. They suggested that productivity o f the
microbial community might be directly influenced by the hydrologie connection to the
Flathead River and entrainment o f particulate organic matter (POM) from the river.
Productivity data, using ^FI thymidine incorporation into D N A , from rock incubations in
w ells close to the river with an apparently high river affinity ranged from 0.7+/-0.08 to
12.4+/-1.49 pgCm^hr '. Comparisons o f bacterial densities and productivity on natural
rock surfaces and ceramic clay tiles showed a marked increase o f both on rock surfaces.
In stream systems, it has been shown that bacterial and fungal biofilm s play a very
important role in the transformation o f organic material into proteins and enzym es, which
can be more easily assimilated by other organisms. This process may also provide much
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o f the food for the hyporheic biota (W illiams, 1989; Stanford et al., 1994; Ellis et al., in
review).

Others have examined organic carbon and DO fluxes in relation to biota

densities and distribution within shallow hyporheic zones (W illiams, 1989; Marmonier et
al., 1993; Poole and Stewart, 1976; Boulton et al., 1992; Hynes, 1983; Boaden and Elhag,
1984).

Their findings

generally

support the positive

correlation

between

DO

concentration and biota densities, but have mixed results in showing a positive correlation
between DOC concentrations and biota distribution.

Chemical data from the Flathead

River and Kalispell aquifer suggests that microbial productivity may be limited by the
availability o f organic carbon (Stanford and Ward, 1988). However, Ward et al. (1993)
did not find a correlation between DOC concentrations and hyporheos abundance in a
study o f longitudinal patterns in the Flathead hyporheic system. W e believe that the DOC
in the hyporheic ground water, as a limiting nutrient, is rapidly assimilated by the
microbial community and cycled through the microbial loop.
Hence, rate and spatial variability o f microbial respiration and productivity in
relation to DOC supply is a key question about the controls o f interstitial processes on
riverine productivity in large gravel bedded rivers.

The focus o f this study was to

exam ine the spatial characteristics o f aerobic microbial biofilm productivity in relation to
the proximity o f the sampling sites to the Flathead River channel, Montana. Since all o f
the sampling sites are located within zones o f preferential flow , it was assumed that as
distance from the river increased, the relative affinity o f the sampling site to the river
decreased (i.e., it was expected that microbial respiration rates would decrease as the
length o f the interstitial flow path increased because riverine DOM and associated DOC
would becom e progressively less available).

Therefore, DOC limitation on biofilm

metabolism was also examined experimentally. The objectives o f this study were to:
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1.) determine the respiration rate of microbial biofilms at various points in the
alluvial aquifer extending laterally from the Flathead River channel;
2.) determine the carbon turnover rate of the microbial biofilm at the various
sites; and,
3.) determine the effect of experimentally increasing the bioavailable organic
carbon on the respiration rate, again in relation to the presumed length of the
flow path as evidenced by the types of invertebrates present, temperature and
dissolved solids relative to the river channel.
This study was collaborative with a similar study conducted by Dr. Martin Pusch
(Institute of Freshwater Ecology and Inland Fisheries, Berlin, Germany), where the
objective was to quantify hyporheic community respiration rate, bacterial density and
activity, organic matter content, and abundance of interstitial fauna in upwelling and
downwelling areas of the river. Both studies independently determined respiration rates
in the extensive hyporheic zone by in-situ incubation of natural substrate and oxygen flux
measurements in-vitro.

STUDY SITE
The alluvial aquifer located in the Kalispell Valley in northwestern Montana,
U.S.A. is ca. 5
(Figure 1).

6 km wide, ca. 13 km long, and ca. 10 m thick (Stanford et al., 1994)

Porous montane alluvia (hydraulic conductivity of 0.1 - 10 cm/sec),

apparently deposited by post-glacial outwash, is underlain by an impermeable layer of
Tertiary clay (Stanford et al., 1994).

Surface water from the Flathead and Whitefish

River systems and laterally influent ground waters from the Salish, Swan and Whitefish
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Mountain Ranges saturate the alluvium within the Kalispell Valley.

The aquifer is

hydraulically connected to the Flathead River (mean Q = 340 m^/sec) and is fed to a
lesser extent by the W hitefish River (mean Q = 20 m^/sec) and other small tributaries
(Stanford et al.,

1994).

Extremely porous ancient subterranean river channels

(paleochannels) braiding throughout the valley appear to have a very high affinity with
the Flathead River as indicated by fast recharge rates and high levels o f dissolved oxygen
(>50% saturation) (Stanford et al., 1994).

These paleochannels extend kilometers

laterally from the main river and meters vertically. Interlaced between the paleochannels
are deposition areas o f gravel, sand and silt where the flow is reduced and oxygen
concentrations decline.
One major aspect o f the Flathead River is the relatively pristine catchment and
oligotrophic status o f the river.

Nitrite/nitrate and soluble reactive phosphorus (SRP)

concentrations are routinely at or below detection limits (2.0 and 0.4 pg/1, respectively) in
the river (Stanford et al., 1992).

However, nitrate and SRP concentrations o f water

samples collected from w ells in the center o f the aquifer are an order o f magnitude higher
(Stanford et al., 1994). Mean DOC values for the Flathead River are 1.63 mg/1, and water
samples taken from the monitoring w ells throughout the flood plain average about 0.5
mg/1 (Ellis et al., in press).

This suggests a possible carbon limitation o f microbial

metabolism within the aquifer (Stanford and Ward, 1988).
The study area for this project was a portion o f the Kalispell Valley aquifer,
approximately 30 km north o f Flathead Lake. The aquifer extends laterally from a 6'^*’
order segment o f the Flathead River channel 4.5 km west to the W hitefish River (Figure
1). This area has been studied extensively since the mid 1980’s (Noble and Stanford,
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1986; Stanford and Ward, 1988; Stanford, 1993; Stanford and Ward, 1993; Stanford et
al., 1994; Ward et al., 1994; Ellis et al., in press). Three established monitoring w ells
located in paleochannels (with time-series data collected over the past decade that
establish relative affinity o f the sites to the Flathead River (Table 1)) along a transact
between the two rivers were used along with a hand dug pit with slotted w ell casing
installed below the Flathead River channel.

METHODS

Well selection
Established slotted PVC monitoring w ells were used along with a hand dug pit
(Figure 1). The first monitoring well (P-1) is located 3900 m from the Flathead River
channel, and 700 m from the W hitefish River. This site is situated in gravel, sand and silt
deposits that appear to have a low affinity with the river channels (i.e., this site is
dominated by ground water o f long residence time in the aquifer).

Low DO

concentrations, high conductivity and rare occurrence o f invertebrates that utilize surface
waters for at least a portion o f their life cycle (amphibites) characterize this well. The
second monitoring w ell (H-3) is 1000 m from the Flathead River channel and is situated
in the middle o f a paleochannel.

This well has high DO concentrations and is very

productive in terms o f both biota biomass and species diversity. The third monitoring
w ell (H-2) is located 10 m from the river channel and appears to have a very high affinity
to the river. The last monitoring site (H-1) was hand dug ca. 10 cm below the Flathead
River channel, and a 4-inch slotted PVC pipe buried horizontally in the substrate.

8
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Construction o f incubation cham bers
Field incubation chambers were constructed o f rigid tubular polypropylene mesh
40 cm long by 8 cm diameter (4 cm diameter in the 2 inch diameter well) with 36-50%
open area and a square weave pattern (Conwed Plastics; M inneapolis, M N) (Figure 2a).
Upper and lower openings were covered by 1 mm nylon mesh. Each chamber was filled
with stones 8 mm to 12 mm diameter (with a volume o f 0.994 dm^ in large chambers and
0.222 dm^ in small chambers) collected from a gravel bar in the Flathead Valley
floodplain (natural substrata was used, based on comparisons o f bacterial densities and
productivity on natural rock surfaces and ceramic clay tiles by Ellis et al. (in press) which
showed markedly higher values o f both measures on the rock surfaces). Gravels o f this
size generally characterize the alluvium o f the floodplain and allowed a large surface area
to volume ratio without compromising interstitial flow rates. Rocks were cleaned with
hot tap water, rinsed once with 5% HCl for 10 seconds, rinsed multiple times with filtered
distilled water and autoclaved to remove all residual bacteria and nutrients from the
surfaces. Chambers were cleaned with hot tap water, rinsed once with 5% HCl for 10
seconds and rinsed multiple times with filtered distilled water. Four filled chambers and
an empty chamber (blank) were strapped together using 1/2” vinyl strapping and 3”
diameter PVC spacers (4” high). Rings o f closed cell foam (1/2”) around each spacer and
an extra spacer placed at the bottom o f the chamber set fitted with a plastic plug retained
interstitial water within each chamber during insertion and removal o f chambers from the
w ells.

Chamber sets were removed by first inserting a solid thin walled 3 1/2” PVC

sleeve down the w ell, which sealed against the foam rings attached to the spacers, and
securing the sleeve to the nylon cord supporting the chamber set. Sealing the chambers
before removal protected the biofilm from possible disruption, de-watering and exposure

9
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to the air. Then by pulling up the rope and attached chamber sleeve, the chambers and
interstitial water were removed together and submerged in a large water trough filled with
water pumped from the w ell.

At this point, the sleeve was removed and the chamber set

disassem bled underwater.

Incubation in w ells
Chamber sets were suspended 0.5 meters above the bottom o f each w ell, using
nylon cord secured to the well cap, before spring run-off 1995 (Figure 2b). Chambers
were removed from the wells after 4,12 and >20 weeks incubation time corresponding to
the rising limb, falling limb and base flow o f the hydrograph (H-1 chambers were not
removed at the 12 week incubation period due to inaccessibility o f chambers during high
flow ). After removal from the well each chamber was sealed in individual watertight
containers and transported to the Flathead Lake Biological Station (approximately 30
minutes travel time).
After laboratory measurements were concluded, chambers were replaced within
watertight containers and transported back to the w ell sites.

Chamber sets were

reassembled in the water trough, inserted into the sleeve, and lowered into the well. The
sleeve was then removed from the w ell, and the chamber sets tied o ff to the w ell cap 0.5
meters above the well bottom.

D eterm ination o f in-situ conditions
After the chambers were removed, the wells were pumped for 10 minutes, to clean
the gas powered diaphragm pump and tubing, and then 60 liters o f water pumped from
the w ell was placed within a sterile carboy. This water was transported back to the lab

10
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and used to fill the in-vitro respiration measurement systems.

D issolved oxygen and

temperature measurements were taken within the well before and after pumping using a
YSI model 58 DO meter with a YSI model 5739 DO probe, and a YSI model 3000
temperature-level-conductivity meter.

These measurements were used to set initial

temperature and DO concentrations in the respiration measurement chamber system.

D eterm ination o f respiration rates
Once at the laboratory, each incubation chamber was placed within a respiration
measurement system consisting o f a PVC sediment chamber holder and Plexiglas O] /
temperature probe chamber connected by TYGON SE-200 FEP lined tubing; m odified
after Pusch and Schwoerbel (1994) (Figure 3). The measurement system was filled with
ca. 800 ml well water (ca. 300 ml for P-1 incubation chambers) previously calibrated to
in-situ DO (using bubbled nitrogen gas to lower DO and bubbled air to raise DO) and
temperature conditions, carefully purged to remove any air bubbles, sealed and immersed
in a temperature controlled circulating water bath set to in-situ temperature measurements
(Intermatic Model 2325). An internal circulation rate o f ca. 45 ml/min was maintained by
attaching the chamber system to a peristaltic pump (Masterflex Model 77000-30).
Microbial respiration was determined by measuring oxygen flux within the sealed
chamber system.

D issolved oxygen and temperature measurements were made using a

Strathkelvin model 1302 oxygen electrode with a model 781b DO meter, and a TC-101
type T thermocouple temperature sensor.

Using DAT AC AN V-BUS data acquisition

software (Sable System s Inc., Salt Lake City, Utah), 3000 readings were integrated and
recorded each minute over a 4-hour period on an IBM compatible computer.
Respiration analysis was performed using DATAC AN V -BU S data analysis

11
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software (Sable Systems Inc.). First, oxygen measurement runs were corrected for linear
baseline drift using pre and post run zero O 2 baseline measurements. Then noise spikes
were replaced with linear interpolations o f data points before and after the spike. Next,
temperature data were examined to ensure stable temperatures throughout the run (runs
with drifting temperatures, i.e. power outage to water bath, were not analyzed). Finally, a
linear regression was calculated for the run and the slope recorded. For each set o f 4
sediment filled incubation w ell chambers analyzed, a fifth incubated chamber blank (no
sediments) was run. The resulting oxygen consumption by the microbial biofilm growing
on the chamber blank was subtracted from the sediment chamber runs.

R esponse to D O C amendment
Following the last time series oxygen flux measurements (>20 weeks
incubation), subsamples o f ca. 20 stones from each field chamber were removed and
placed into a smaller respiration chamber system.

Mid way through a four hour

respiration analysis the natural DOC levels in the well water were amended with four o f
the treatment levels o f acetate; 0.1, 0.25, 0.5, 1 and 1.5 mgC/1 (n=4 for each treatment at
each site).

Response was measured as change in oxygen flux rates after amendment

compared to pre-amendment background readings.

D eterm ining organic carbon content o f m icrobial community
Follow ing the last time series oxygen flux measurements, 4 subsamples o f 10
stones each from the field chambers were removed (n=16 for each well).

These were

placed in 125 ml Erlenmeyer flasks (fired at 500 degrees C for 12 hours) with 30 ml
carbon free water, and sonicated for 20 minutes to remove the epilithic microbial biofilm.

12
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The resulting slurry was analyzed for total organic carbon using an Oceanography
Intemation Corporation trapping-desorption module and infrared CO2 gas analyzer
(persulfate digestion; infrared CO? detection method (Menzel and Vaccaro, 1964)).

Determination o f spatial relations

Statistical tests (ANOVA / MANOVA) were performed using SYSTAT V.5.02
(SYSTAT Inc.). Comparisons of microbial respiration were made between: 1) the four
incubation chambers at each site and the four sampling sites on the last sampling date
(mature biofilms), 2) the four incubation chambers at each site and the three sampling
dates, and 3) the four incubation chambers at each site and the four experimental organic
carbon amendment concentrations and the four sampling sites.
Data are expressed in volumetric measures (dm‘^) since the analyses were
conducted on the microbial community associated with a known volume of stones.
Transformation of the data to represent areal measures (dm'“, or cm'") has unknown error
associated with the calculation and therefor not performed on the data set. The following
surface area estimate is only a rough calculation and should only be used as a general
reference.
Each chamber was 0.994 dm^ and contained an average of 1130 stones. Mean
orthogonal measures (perpendicular length, width and depth) of 50 randomly selected
stones were: A) 14.29 - 2.68 mm, B) 10.42 - 1.63 mm and C) 7.08 - 1.50 mm. One
estimate for surface area per stone combines the surface area of a top and bottom ellipsoid
(length and width of dimension “A” and “B” respectively), plus a rectangle with length
equal to the ellipsoids circumference and width one half of dimension “C”.
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The

estimated surface area per stone was 3.73 cm ‘. This extrapolated to 4274 cm ' per dm^ for
the substrate used in this project.

RESULTS A N D DISCUSSION
Temperature ranged from 0.7 to 13.1 degC and dissolved oxygen
concentration ranged from 45 to 101% saturation for the three hyporheic sites throughout
the study. The phreatic site had a temperature range o f 5.7 to 8.8 degC and dissolved
oxygen concentration ranged from 15 to 60% saturation. Chamber blanks ranged from
0.00 to 0.03 mg02dm'^hr * and never accounted for more than 10% o f the total incubation
chamber respiration measurements.
Respiration activity o f mature hyporheic microbial communities had a total range
o f 0-01 to 0.33 mgOidm'^hr ' for the four sites with the means ranging from 0.10 to 0.17
mgOidm^hr ' (Figure 4).

There were no significant differences between the sites

(P>0.05, ANOVA).
These values were very similar to those obtained during the same time period by
Pusch et al. (in press) in the Nyack flood plain (5'^ order reach o f the Middle Fork
Flathead River) ca. 50 km upstream (mean hyporheic community respiration o f 0.18
mgOidm'^hr*'; ranging from 0.06 - 0.36 mgOidm^hr '). Pusch and Schwoerbel (1994)
found similar respiration activity (mean respiration o f 0.326 mgO^dm’^hr '; ranging from
0.064 - 0.96 mgOidm^hr ') in the shallow hyporheic sediments o f a 3'^^ order mountain
stream in southern Germany (Steina, Black Forest). The values in this study were higher
than those reported by N aegeli et al. (1995) (0.05 - 0.07 mgO^dm^hr ') for the hyporheic
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community o f a pristine cold water prealpine gravel bed river in Switzerland (Necker)
and lower than Jones et al. (1995) reported (0.4 - 1.8 m gOidm '^hf') for a warm water
sonoran desert stream in Arizona, U SA (Sycamore Creek).
The uniform means (Figure 4) indicated relatively equivalent aerobic microbial
activity on a macro scale (meters to kilometers) throughout the hyporheic zone o f the
Flathead River with relative length o f flow path having only a minor influence on
community respiration. This may in part be influenced by the lower river stage during
our fall/winter measurements. River-hyporheic exchange may be reduced at low flow and
the higher river stages during spring freshet may induce seasonal variability (C. N. Dahm,
personal communication). A lso, nutrient and carbon loading from the river is certainly
augmented by water percolation through surface sediments, which would also influence
the hyporheic seasonally and spatially.

Thus, the interactions o f the river seasonal

hydrograph and seasonal variation in water exchange through percolation may affect the
carbon loading to the hyporheic such that a straight forward correlation between river
affinity and microbial productivity was masked. Based on the order o f magnitude range
in individual chamber measurements and variability at each site, on a micro scale (meters
or less) the microbial community may be very patchy. Barlocher and Murdoch (1989)
also found great variability in bacterial and fungal communities on individual hyporheic
substratum.

This only adds to the difficulty in observing potential patterns on a

floodplain scale.
To transform the respiration data from mgO; to mgC the equation R(C) = RIO:) *
0.375

* 0.85

was used; where R(C)=respiration (mgCdm^hr '), R(02)=measured

respiration (mgO:dm ^hr '), 0.375= the weight ratio o f carbon to oxygen in CO?, and 0.85
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is the respiratory quotient (Bott and Kaplan, 1985). Daily productivity rates o f the mature
biofilm s were then calculated

using the equation P(mgCdm*^day’*) = R(C) * 0.24 *

24hrs; where 0.24 is a biosynthesis to respiration factor (Bott and Kaplan, 1985).
Microbial productivity rates were estimated as 0.18, 0.22, 0.31, and 0.26 mgCdm'^day ’
for the sites P-1, H-3, H-2 and H-1, respectively (mean 0.24, SE 0.03).

U sing the

respiration (mgO^) to microbial productivity (mgC) factor 0.08 (Sorokin and Kadota,
1972) yielded similar estimates o f 0.19, 0.23, 0.33, and 0.27 mgCdm^day ' for the sites
P-1, H-3, H-2 and H-1, respectively (mean 0.26, SB 0.03).
The same paradox o f apparently insufficient microbial or primary productivity to
support the biotic community is also seen in stream ecosystem s.

Comparing the

respiration measurements and productivity estimates o f the Kalispell Valley hyporheic
zone to stream benthic measures indicates the microbial productivity is very similar to
productivity in stream communities.

Hedin (1990) investigated benthic community

respiration in a woodland stream (New Hampshire, USA) and measured a range o f 26 340 mgCm 'day * using in-situ sediment incubation chambers filled 5cm deep.

This

extrapolates to a productivity estimate o f 0.12 - 1.6 mgCdm'^day '. Bott et al. (1985)
measured respiration in four temperate streams and reported seasonal means ranging from
0 .19 - 5.79g02m ‘^day '.

This reflects stream productivity ranging from 0.31 - 9.3

mgCdm'^day ’ assuming 5cm depth.

Productivity was estimated at ca. 0.83 (S D 0.12)

mgCdm^day ' for the Flathead River in the study area during September using O 2 flux
data from in-situ incubation chambers in a previous study (again assuming 5 cm depth)
(Perry et al., 1987). Thus, a mean hyporheic productivity o f 0.25 mgCdm^ day ' is within
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the lower range o f stream productivity estimates and presumably influenced by the
oligotrophic status o f the pristine watershed.
Time series analysis (Figure 5) showed no significant differences in microbial
respiration relative to incubation time (P>0.05, ANO VA).

Excluding sampling runs

where n = l, minimum respiration rates ranged from 0.01 to 0.07 mgOidm^hr ' and
maximum rates ranged from 0.07 to 0.35 mgO^dm'^hr " (Table 2). Although there was no
clear pattern to minimum respiration rates, maximum rates did tend to increase over time.
The total organic carbon (TOC) o f the microbial biofilm from P-1, H-2 and H-1
sites (means o f 18.2, 20.8 and 29.7 m gC /dm \ respectively; the H-3 site was not included
due to chemical contamination during lab preparation o f the samples) indicated a trend o f
increasing organic carbon associated with increasing river affinity (Figure 6). Both the
P-1 and H-2 sites away from the river were significantly lower than the H-1 site directly
below the river channel (P<0.001 and 0.05, respectively, ANO VA). However, there was
no significant difference between the P-1 and H-2 sites.
This same trend was documented by Ellis et al. (in press) for bacterial densities in
the Kalispell Valley flood plain. Pusch et al. (in press) found slightly higher values (70 150 mgCdm^ particulate organic matter loosely associated with the sediments) for
chambers incubated in w ell sites located in the Kalispell and Nyack flood plains.
Turnover rates (productivity / biomass carbon) ranged from 3.2 to 5.6 y f ' with a
mean o f 4.2 y f ’. This was slightly higher than the turnover o f 1.7 y f ' reported by Pusch
et al. (in press) for the Nyack flood plain.
Experimental additions o f a labile carbon source (acetate) to the microbial biofilm
significantly increased respiration in over 95% o f the runs (P<0.05, M ANO VA) (Figure
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7). Of the 17 experimental boxes (site X treatment) 10 of the means were significantly
higher than background (P<0.05, ANOVA). Treatments for the P-1 site were 0.1, 0.25.
0.5 and 1.0 mgC/1 (mean DOC for the four sampling sites is 1.2 mg/1 (Table 1), and
averages 0.5 mg/1 for all floodplain monitoring wells (Ellis et al. in press).

Mean

response of the biofilm ranged from an increase in oxygen depletion of 0.04 to 0.12
mgOzdm'^hr"'. Although the respiration increase was significant over background
(P<0.01, ANOVA), altering the treatment had no discernible effect on microbial
respiration. The very low saturation level possibly indicates either the presence of a
different limiting nutrient or the inability of the biofilm to utilize the carbon source. The
treatments also ranged from 0.1 to 1.0 ragC/1 for the H-3 site with mean responses
ranging from 0.03 to 0.21 m g02dm '^ ' increases in microbial respiration. However, at
the H-3 site there was a trend of increasing respiration associated with an increasing DOC
treatment. At the H-2 site this increasing trend became significant (P<0.01, MANOVA)
and a fifth treatment of 1.5 mgC/1 was added to the series. At this site, closest to the
river, respiration increases were 0.02, 0.12, 0.46, 0.46, and 0.39 mgOidm'^hr"' for the
DOC amendments of 0.1, 0.25, 0.5, 1.0 and 1.5 mgC/1, respectively. An increase of 0.46
mgOidm'^hr ‘ represents a respiration rate of 0.63 mgO^dm'^hr ', a productivity of 1.2
mgCdm'^day ' and a turnover rate of 21 yr'\ The rapid and dramatic response of the
biofilm to DOC amendments at the H-3 and H-2 sites indicates that DOC is a limiting
nutrient and very tightly cycled in these areas.

Saturation, however, occurred at a

relatively low level (1.5 times background). Treatments for the H-1 site were 0.25, 0.5,
1.0 and 1.5 mgC/1. Response to acetate amendments ranged from a mean of 0.01 to 0.08
mgCdm'^hr '. This site showed the least response to acetate amendments with only one
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o f the four means significantly different from background values (P<0.05, ANO VA).
Therefore, we concluded carbon was not the limiting nutrient in this area.
The pattern o f increasing microbial respiration to increasing DOC amendments as
the presumed flow path length from the Flathead River decreases indicates possible
community or metabolic adaptations o f the microbial biofilm s to different DOC sources.
Hyporheic sediments o f high river affinity likely receive the higher quality algal exudates
associated with channel scouring during peak flow events (Findlay et al., 1993).

The

microbial community close to the river channel may have adapted to utilizing high quality
DOC (labile short chain carbon m olecules) associated with river scouring events.

In

extremely close proximity to the river channel, DOC limitation may be replaced by
phosphorus or nitrogen limitation. In hyporheic areas o f low river affinity, it is unlikely
the higher quality DOC pulses from the river reach the microbial community. In these
areas DOC may be supplied more regularly although o f lesser quality (non-labile long
chain carbon m olecules) (Hendricks, 1993; Findlay et al., 1995).

The microbial

community may be adapted to utilizing lower quality DOC inputs from the river, soil
percolation after rain events or deep groundwater sources.

The minimal microbial

response associated with the experimental acetate amendments in the H-1 site may be a
result o f the metabolic specialization in breaking down more refractive carbon sources.
Another possibility is the limiting nutrient may not be carbon in these areas.

SU M M AR Y
Per unit area, hyporheic microbial productivity is approximately 30% that o f the
Flathead River benthic community. Comparing the volum e o f the alluvial aquifer (ca. 0.7
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km'^. although realistically the hyporheic environment is som e fraction o f this) to the
stream benthic sediments 0.25 m depth (ca. 1.6* 10 km^) in the Flathead Valley, leads to
the conclusion that total hyporheic productivity is much greater than benthic productivity,
possibly by orders o f magnitude.

Microbial production within the hyporheic zone is

likely a large component o f riverine ecosystem production in large glacially scoured river
systems such as the Flathead.
When considering the microbial biofilm as a food source there are several factors
to consider.

First, biofilm s may be a very nutritious food supply due to the polymer

matrix consisting primarily o f polysaccharides (Barlocher and Murdoch, 1989). Turnover
rates o f the entire biofilm matrix (3.2-5.6 yr ‘) compared to the bacterial turnover rates
within the biofilm (27-166 yr‘‘) measured by Ellis et al. (in press) indicate that
polysaccharide exudates and other biofilm components account for approximately 70 to
92% o f the biofilm biomass.

However, further research is still needed to ascertain the

quality o f the biofilm matrix both spatially and seasonally. Second, the hyporheos have a
relatively high assimilation efficiency (AE). Using Tukey’s jackknife procedure on 10
AE values (Pandian and Vemberg, 1987) for various crustaceans (which contribute
upwards o f 50% o f the total hyporheic biota in the study area (Ward et al., 1994)) resulted
in a mean assimilation efficiency o f 62% (SE 3.4) when the crustaceans were fed a
variety o f diets.

A lso, the size range o f the biota (from mites and archiannelids to

amphipods and plecoptera) allows for a wide range o f interstitial habitat available to the
biota and subsequent utilization o f microbial production. Malard and Hervant (in press)
found hypogean crustaceans have a lower metabolic rate, a higher storage o f glycogen
and phosphagen (fermentable fuels) and a higher resistance to hypoxia than epigean
species.

A ll o f these adaptations may lead to a migratory or roving behavior o f the
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interstitial fauna allowing them to exploit the patchy nature o f the interstitial microbial
biofilm. The hyporheos may selectively m ove to microhabitats where the epilithic layer
is particularly well developed or nutritious (Barlocher and Murdoch, 1989).

Observed

patterns o f distribution and abundance o f species within space and time are related to
energy costs and gains in response to resource gradients (Hall et al., 1992).

The

interstitial fauna may use a large volume o f the hyporheic to utilize a mosaic o f microbial
biofilm s, metabolizing spatially and temporally variable sources o f DOC to optimize their
energy balance.
The acetate amendment experiments indicate that additional study is needed to
elucidate the limitations on microbial productivity. Identification o f a physiological or
community com position change in the microbial community in relation to river affinity
may be an important key to understanding the varied metabolic response to the labile
DOC (acetate) amendments.

Coupling a spatial, temporal and quality assessm ent o f

organic carbon loading to the aquifer from riverine and surface soil sources with
microbial community composition would aid in identifying the patch dynamics in
microbial metabolic processes (Findlay, personal communication).

To understand the

energy pathways through the food web o f the groundwater biota, we also need to
investigate habitat utilization by the biota, response o f the microbial biofilm to grazing
pressures along with assimilation efficiencies and productivity rates o f the biota feeding
on various microbial communities.
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ANALYSIS

SITE
H-1
H-2
H-3
P-1

Distance
km

ALK
mg/1

0.00
0.02
0.65
3.90

COND
uS/cm

D ie
mg/1

DOC
mg/I

126

21
22
34

1.8
1.1
1.0
0.9

90
100
149
199

133
213
291

38

DO
mg/1

N 0 2 /3 -N
g/i

10.8

Biota
Stygobites/
amphibites

River Affinity

0.00
1.41
1.67

high

43.8

low

44
83
518
938

7.2

6.8
3.8

-

Table 1; Physical, Chemical and biological characteristics of the four study sites. Sites H1, H-2 and H-3 are hyporheic, and P-1 is phreatic. Distance is measured from the
Flathead River. The biological data are presented as a ratio of invertebrates that are
obligate groundwater forms (stygobites) to invertebrates that utilize surface waters for at
least a portion of their life cycle (amphibites) (i.e. Plecoptera) (Stanford et al. 1994).
“River Affinity” refers to the generalized flow path length from the Flathead River and
corresponding influence of downwelling surface water (i.e. increasing flow path
decreases river affinity).

Site
Week
max.
min.
average
std
n

4
0.01
0.01
0.01

p-1
12
0.08

0.06

0.07
0.01
1 ■
2

>20
0.30
0.03
0.10

4
0.15
0.15
0.15

0.09
4

H-3
12
0.35
0.04
0.17

0.14
1

4

>20
0.32
0.02

0.12
0.13
4

4
0.07
0.02
0.05
0.02
4

H-2
12
0.12
0.12
0.12
1

H- 1
>20
0.33
0.07
0.17
0.08
4

4
0.20
0.03
0.09
0.07
4

>20
0.28
0.01
0.14
0.07
3

Table 2., Maximum, minimum, average and standard deviation of respiration rates
g 1
(mgCdm" hr" ) at the four sampling sites P-1, H-3, H-2 and H-1. Sites are arranged with
increasing hydrologie connectivity to the Flathead River from left to right. Weeks 4, 12
and >20 represent time of incubation.
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Kalispell flood plain
H-2 H-1

Montana

A—

U.8Jk

.

W N M Is h R

Figure 1. The alluvial flood plain aquifer in the Kalispell Valley, Montana
(stippled area indicates hyporheic). Bold contours depict water table
elevations (1.5 m isopleths). Thin contours are isopleths o f specific
conductance ( pS/cm ) o f the groundwater. Arrows indicate the direction
o f groundwater flow (declining elevation o f water table). Solid circles are
wells including the study sites H-1, H-2, H-3 (hyporheic increasing in flow
path length from the river channel) and P-1 (phreatic). (from Stanford
et al., 1994)
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well
well

ground surface

^

foam ring

PVC spacer

water table

f
Incubation chambers
Chamber blanks’

Figure 2. a) In-situ incubation chamber diagram shown inside o f well.
b) Cross sectional view o f alluvial aquifer representing in-situ
incubation chamber below water table in slotted PVC w ell.
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Figure 3. In-vitro closed flow-through respiration chamber measurement system.
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Figure 7. Microbial community metabolic response to an experimental labile dissolved organic carbon amendment (acetate)
measured as oxygen consumption.

